Wetting behavior between molten AlTi6 alloy and nanoporous carbon substrate (carbon nanotubes paper) was investigated by a sessile drop method in vacuum at 800, 900, and 1000°C. In order to avoid the effect of native oxide film on metal sample, an advanced capillary purification technique coupled with non-contact heating was applied. The AlTi6 drop did not wet the MWCNT paper immediately after deposition on the substrate at 800°C, forming a contact angle of h = 153°. The increase in temperature up to 900°C and holding the system for 15 min also did not affect the contact angle (h = 153 ± 1). Further heating above 930°C at a rate of 5°C/min caused a gradual lowering of contact angle down to $130°and after about 10-min interaction at 1000°C, it reached the final value of 123°. Structural investigations of solidified sessile drop AlTi6/MWCNT couple by scanning and transmission electron microscopy showed that high-temperature interaction between MWCNTs and molten AlTi6 alloy is accompanied with liquid metal infiltration of MWCNT substrate, fragmentation of MWCNTs, and formation of TiC in the form of rod-like crystallites and fine particles uniformly distributed in the metal matrix. The mechanism of MWCNT fi TiC transformation in the AlTi6/MWCNT system by high-temperature liquid-assisted process is discussed.
Introduction
Metal-ceramic composites present a creative solution to the ever-increasing demand for materials with improved structural and operational properties (Ref 1 3, 15, 16) . CFs and CNTs are characterized by unique combination of mechanical and thermo-physical properties, i.e., high tensile strength and modulus of elasticity coupled with low density and high thermal and electrical conductivity. Thus, the application of CNTs as reinforcement of aluminum and its alloys is attractive for synthesis of advanced light-weight engineering and thermal management materials with enhanced performance, reliability, and life cycle, particularly for use in automotive, aerospace, energy, and electronic industries (Ref [1] [2] [3] [4] [5] [6] .
Among different manufacturing methods used for the production of aluminum matrix composites, liquid-assisted processes such as casting techniques are widely applied due to their relatively low cost and simplicity. Therefore, information on factors affecting high-temperature interaction between liquid Al and different carbon materials, particularly their wetting properties and reactivity, is of vital practical importance. One of the more frequently used casting processes involves the preparation of a metal-ceramic suspension by introduction of particulate reinforcement (particles, short fibers) into molten metal and its crystallization. For this process, an important issue is to obtain uniform distribution of reinforcement in the metal matrix because of the two accompanying phenomena taking place in metal-ceramic slurry: (1) the agglomeration of carbon phase due to the lack of wettability by the liquid Al and its most alloys at industrially important temperatures and (2) flotation of carbon phase due to the substantial difference in the density of the reinforcement and metal matrix. Another widely used casting technique is based on infiltration of porous preform with molten metal matrix. For this purpose, either external pressure or improvement in wetting is needed because of the lack of wettability in Al/C system at industrially important temperatures below 800°C (Ref [18] [19] [20] [21] [22] [23] [24] [25] .
An important issue associated with the production of Almatrix composites containing carbon phase is related with high reactivity between Al and different carbon materials. It leads to the formation of Al 4 C 3 at the Al/C interfaces evidenced with graphite ( Ref 1, 2, [20] [21] [22] [23] [24] [25] [26] [27] 
ðEq 1Þ
Although the presence of thin Al 4 C 3 layer contributes to better interfacial bonding, the formation of Al 4 C 3 may cause a dramatic decrease in corrosion resistance of such composites since Al 4 C 3 is fragile and easily reacts with moisture to form gaseous product CH 4À from the reaction:
The problem of the lack of physico-chemical compatibility between Al and carbon phase can be overcome by (1) 
ðEq 3Þ
However, the final structure and phase composition of Al-Ti/ C couples were significantly affected not only by temperature, time of contact, amount of Ti, and type of carbon material but also by the structure and particularly porosity of carbon substrate used in the study. Thus, it was demonstrated that, depending on processing variables and porosity, either Al 4 C 3 or TiC or even both these phases can be formed. From this point of view, it is interesting to understand how a very specific morphology of CNTs may affect the formation of TiC precipitates from molten Al-Ti alloy and whether or not the reactively formed TiC will grow by duplication the initial morphology of starting CNTs.
Therefore, in this paper, the mechanism of the nucleation and growth of TiC due to interaction between CNT substrate and molten Al containing Ti was examined through investigation of their high-temperature wetting behavior and reactivity.
Experimental

Materials
The materials used were AlTi6 alloy and MWCNT paper. The as-received alloy contained 5.9 wt.% Ti and was extruded rod from KBM Master Alloys B.V. (the Netherlands). MWCNT paper of 0.15 mm thickness was fabricated from MWCNTs (the amount of amorphous carbon and Fe nanoparticles <1.0%) synthesized by the catalytic vapor decomposition method as described elsewhere (Ref 28) . For testing, a substrate of 15 9 15 mm size was cut from the as-received paper.
Methods
The sessile drop (SD) method (Ref [18] [19] [20] [21] [22] was applied for investigation of high-temperature wetting behavior of molten AlTi6 alloy on MWCNT paper using experimental complex described in detail in Ref 29 . In order to avoid the effects of native oxide film on metal sample as well as heating history of alloy/substrate couple on wetting behavior, the research was performed under UHV using non-contact heating of a metal and a substrate coupled with capillary purification (cp) as described in Ref 18, 21, 22, 29. For this purpose, directly before loading into a vacuum chamber, the sample of AlTi6 alloy was cleaned mechanically and ultrasonically in isopropanol and placed inside a ceramic capillary positioned above the MWCNT substrate. The substrate was positioned on alumina support located inside tantalum resistance heater of the vacuum chamber. After evacuation of gases and getting vacuum of p = 1.45 9 10
À5
mbar by means of a turbomolecular pump, the setup was heated according to the temperature profile shown in Fig. 1 . During the whole course of wettability study, the type and amount of residual gases in the vacuum chamber were monitored in real time using quadrupole Pfeiffer Prisma QMS200 device.
The sessile drop tests were performed using an AlTi6/ MWCNT couple at the three temperatures of 800, 900, and 1000°C, marked as stages I, II, and III in Fig. 1 , respectively. After reaching the first test temperature (800°C), the AlTi6 drop was dispensed by squeezing the liquid metal through a hole in the capillary. After testing at the last temperature (1000°C), the couple was cooled at a rate of about 10°C/min.
During wettability tests, the images of the drop/substrate couple were in situ recorded using high-speed high-resolution camera MC1310 with a rate of 10 frames/s. The collected images were used for estimation of the contact angle values with the use of a special software ASTRA2 (IENI-CNR, Italy (Ref 30, 31)) as well as for making a real-time movie of high-temperature test performed (see Supplementary Video 1). The software enables the determination of the contact angle on the left and on the right side of a drop by an automatic image analysis with systematic uncertainty of the contact angle less than ±2 .
Structural characterization was performed on both the starting materials and the solidified sessile drop AlTi6/CNT couple using the following techniques:
(1) digital light microscopy (LM) using VHX-700F Keyence device allowing 3D-imaging; (2) scanning electron microscopy (SEM) using Quanta 3D; (3) transmission electron microscopy using FEI TECNAI SuperTWIN (200 keV) FEG device equipped with integrated energy-dispersive spectroscopy (EDS) system. The observations were performed using bright-field (BF), high-resolution (HR), as well as scanning transmission electron microscopy-high-angle annular darkfield (STEM-HAADF) techniques. The thin foil for TEM studies was cut out with FEI QUANTA 200 3D focused ion beam (FIB) equipped with Omnioprobe liftout system. The surface of the investigated material was separated from the platinum masking bar with an additional carbon layer.
Results
Prior to the wettability studies, the substrate of the asreceived MWCNT paper was subjected to microscopic examinations with LM, SEM/EDS, and HRTEM/EDS. Top-view surface observations by SEM ( Fig. 2a and b) and LM (Fig. 2c) show its dense structure, free from any cracks and discontinuities. The surface of MWCNT paper shows the presence of well-ordered hexagonal areas whose average diameter reaches 450 lm and height is in the range of 50-53 lm (Fig. 2c) . The entire surface of the MWCNT paper is covered with small oval precipitates ( Fig. 2a and b) .
TEM of cross-sectioned MWCNT paper ( Fig. 3) indicates that the examined substrate is composed of entangled nanotubes ( Fig. 2a and b) . Occasionally, the presence of amorphous carbon phase ( Fig. 3a) and nanopores ( Fig. 3b) is also observed.
The detailed structural characterization of cross-sectioned MWCNTs by means of high-resolution transmission electron microscopy (HRTEM) proved that they contain multi-walled structure with an average wall thickness of 12-80 nm, distance between the carbon layers of $0.33 nm, and the average number of layers is in the range of 40-200 (Fig. 3c) . Occasionally, the presence of foreign particles in the form of iron nano-crystallites was also detected ( Fig. 3d and 4a and b) . Most probably, they were formed during the production of MWCNT and present residual iron. It should be highlighted that iron has high catalytic activity for the decomposition of carbon compounds and, therefore, it is widely used as a catalyst material for synthesis of MWCNTs. However, as reported in Ref 32 , its complete removal is almost impossible. Figure 5 shows the change of contact angle (h) with time and temperature of wettability test of the AlTi6/MWCNT couple. Immediately after squeezing through a ceramic capillary and deposition on MWCNT substrate at a temperature of 800°C, the AlTi6 drop does not wet the substrate (h > 90 ) forming a high contact angle of 153° (Fig. 5a ). Holding the system for 30 min at 800°C as well as next heating to and at 900°C for 15 min does not affect the value of the contact angle. However, above 930°C (Fig. 5b) , further increase in temperature (rate of 5°C/min) causes a gradual lowering of the It should be highlighted that the first two trials performed with the AlTi6 alloy on MWCNT substrates evidenced some problems because the AlTi6 drop ''disappeared'' during its deposition, i.e., immediately after its squeezing from the capillary. Such drop behavior can be related with fast liquid metal infiltration inside MWCNT paper. Our previous results with the AlTi6 alloy on bulk carbon substrates (graphite, glassy-like carbon (Ref 20, 21) ) as well as carbon-coated alumina substrates (Ref 22) under the same testing conditions showed fast and good wetting. Contrary to previous results, structural characterization of the substrate after the above trials in this study did not show any residual metal on the examined surface of the MWCNT substrate. Moreover, the detailed analysis of images collected in subsecond time of these tests ( Fig. 6a-f ) just after squeezing the metal at 800°C from $10 mm height revealed that the falling AlTi6 drop only touched the MWCNT substrate and immediately jumped up. This process repeated a few times and it was accompanied with drop movement to the edge of the substrate and falls off the substrate. Such drop behavior suggests very weak adhesion of the AlTi6 drop to the MWCNT substrate, thus opposing to graphite, glassy-like carbon, and alumina substrates coated with graphite, soot, and PVD carbon (Ref 22) .
In order to overcome the problem of weak adhesion that contributes to the drop movement along the substrate, the distance between the capillary and the substrate in the next test was decreased up to 5 mm. For this test, four drop jumps were recorded but with only small drop displacement along the substrate. Consequently, the drop settled without spreading (Fig. 6f) . Raising the temperature by 100°C did not affect the drop shape and position ( Fig. 7a and b) , while further increase in temperature and time of interaction caused the change in drop shape due to slight improvement in wetting (Fig. 7c-f ).
Visual observations of the solidified sessile drop AlTi6/ MWCNT couple showed that the MWCNT substrate has changed its color in the vicinity of the AlTi6 drop from dark black to glossy light gray, marked by arrow in Fig. 8 .
TEM examination of MWCNT substrate under the drop of the cross-sectioned AlTi6/MWCNT sample revealed that it presents heterogeneous structure of metal matrix composite composed of numerous rod-like crystallites and fine particles uniformly distributed in the metal matrix ( Fig. 9a and b) . The crystallites have a square base (Fig. 9c) with a diagonal of up to 180 nm and of different lengths that occasionally reach the value of 1 lm (Fig. 9d-f) . The inspected area was free of unreacted carbon nanotubes or their fragments, while examined rod-like crystallites were dense and free of voids and cracks. There was only one rod-like crystallite with a void located inside at the end of the rod (Fig. 10) .
The larger rod-like crystallites frequently show the presence of planar defect along their long axis (Fig. 9c and e) as well as a local thinning-out in the form of windows (Fig. 9d and f and  10) , what may arise as the kink and ledge growth mechanism is in operation. The analysis of distribution of elements (Ti, Al, C, Fe) in the metal-infiltrated region and the chemical composition in selected phases shown in Fig. 11(a) has revealed that both the larger rod-like and smaller rounded crystallites composed of titanium and carbon surrounded with practically pure aluminum metal matrix (Fig. 11b and c) . Occasionally, the presence of residual iron was also identified (Fig. 11b and c, point 3) . Transmission electron microscopy ( Fig. 12 ) and the selected area diffraction patterns taken from the single rod-like crystallite indicate cubic structure of TiC phase.
Discussion
The results of wettability tests of the AlTi6/MWCNT couple are summarized in Table 1 (Table 1) .
Compared to glassy-like carbon and different types of graphite, wetting behavior of the AlTi6 alloy on MWCNT paper observed in this study seems to be unusual. While high contact angle in AlTi6/MWCNT couple at 1000°C might be associated with wetting hysteresis (i.e., the formation of apparently high contact angle value due to substrate surface roughness and porosity), so far the drop jumping should be affected by another reason. In order to clarify this phenomenon, the analysis of real-time records of residual gases during wettability tests was performed (Fig. 13) . It was noted that just before heating when corresponding vacuum of p = 2.34 9 10 À6 mbar was reached, the amounts of H 2 O and H 2 recorded in the chamber were comparable to those obtained with other carbon substrates or carbon-coated alumina (Fig. 13a) . However, increase in temperature caused much higher gasification from the MWCNT substrate, mainly due to the release of CO 2 , CO, C, H 2 O, and H 2 , particularly noticeable at 200°C (Fig. 13b) . Despite some decrease in gasification with time and increase in temperature, at the moment of squeezing the drop from the capillary, the pressure of p = 1.45 9 10 À5 mbar (Fig. 13c ) was recorded and it is higher than that usually observed with other carbon materials. Thus, we suggest that the gas release from the MWCNT paper contributed to jumping of the AlTi6 drop and its apparently non-wetting behavior on the MWCNT substrate.
Another reason behind such unusual drop behavior is related to (1) heterogeneous structure of the surface of MWCNT substrate similar to that of lotus leaves like resulting in discontinuous drop/substrate contact and wetting hysteresis effect and (2) periodic deformation of thin MWCNT substrate as it is well documented on the movie of the tests performed (see Supplementary Video 1) .
Moreover, non-wetting behavior of the AlTi6 drop/ MWCNT couple and high values of contact angles measured in this study are apparent since liquid metal infiltration took place through the whole thickness of MWCNT substrate. This phenomenon can be explained by rather non-wetting of alumina support by the AlTi6 alloy forming at the test temperature the contact angle of 103 (Table 1 ). The detailed analysis of the sessile drop images (e.g., Fig. 6 and 7) evidenced that liquid metal penetration through MWCNT substrate is accompanied with substrate raising in a way that the liquid drop does not sit Besides dissimilar wetting behavior, there is also dissimilar interface structure in the AlTi6/MWCNT couple, compared to other AlTi6/C systems reported in Ref 4, [20] [21] [22] 26, 27. Contrary to AlTi6/C gr , AlTi6/C glc , and AlTi6/CF produced under similar time-temperature conditions and using the same experimental device and testing procedures, SEM and TEM analysis of the AlTi6/MWCNT couple did not evidence the presence of Al 4 C 3 either on the surface of other precipitates or as separate particles in the metallic matrix as it took place with glassy-like carbon (Ref 4) and graphite (Ref 26, 27) . Moreover, contrary to previous studies on the interaction of AlTi6 alloy with graphites and glassy-like carbon, showing the formation of very fine TiC precipitates, reactively formed TiC particles with MWCNTs in this study are of two morphologies, depending on the carbon source. It can be concluded that the interaction between carbon and Ti dissolved in molten alloy takes place both with MWCNTs and amorphous carbon formed from Taking into account that the Gibbs free energies of the formation of Al 4 C 3 and TiC at 1000°C are À150 and À169 kJ/mol, respectively (Ref 34) , one may conclude that the formation of TiC is thermodynamically more feasible in the AlTi6/C system. However, due to small differences between the above values, kinetic factors play an important role in the final structure of AlTi6/C couples. It was evidenced experimentally that depending on the location with respect to metal/substrate contact, both Al 4 C 3 and TiC can be formed in AlTi6/C couples formed with graphite (Ref 26, 27) . This situation is related to the specific nature of AlTi6 alloy that melts over a wide temperature range of 664-1122°C. At a temperature of 1000°C, it still contains some amount of Al 3 Ti phase that presents a source of fresh Ti playing an important role in reactive wetting of ceramic substrates (Ref 35) . Therefore, besides the kinetics of chemical reactions between Al, Ti, and C, the kinetics of dissolution of residual Al 3 Ti particles and the kinetics of diffusion of Ti in molten Al should be taken into consideration together with the kinetics of liquid metal infiltration into a carbon substrate. In this study, CNT paper of about 0.2 mm thickness was more than one order of magnitude thinner, compared to C glc and C gr substrates in previous reports (3 mm (Ref 4, 21, 22 ) and 5 mm ( Ref 20, 21, 26, 27) , respectively). Consequently, liquid metal penetration took place in a whole MWCNT substrate thickness, whereas whole Ti from the alloy was consumed for the formation of TiC without involving Al in the reaction with CNT.
As a consequence of above considerations, it may be concluded that under conditions of this study, the formation of TiC in AlTi6/MWCNT couple is dominant and it leads to the transformation of MWCNTs of 35-80 nm diameter to dense rod-like crystallites having a maximum size of about 180 nm (Fig. 14) .
This observation is in good agreement with the calculations of relative volume change DV/V (%) due to phase transformations from carbon phase (molar volume V C ) to metal carbide MC (molar volume V MC ):
For reaction (3), the formation of TiC from graphite (V Cgr = 5.22 cm 3 /mol) is accompanied with about 135% volume expansion, while DV/V is 85% with glassy-like carbon (V Cglc = 6.67 cm 3 /mol) and 32-53% with MWCNT (V MVCNT = 8-9.23 cm 3 /mol (Ref 9) ). Assuming that the TiC phase nucleates and grows at the surface of MWCNTs, subsequently resulting in their complete consumption, such significant volume increase is due to MWCNT fi TiC. Most probably, it may be another reason why SEM and TEM observations do not recognize TiC nanotubes since growing TiC phase does not duplicate an inner shape of starting CNT reactant.
However, the above considerations differ from the statements of Laha et al. (Ref 9 ) who using the same approach estimated that the volume of MWCNTs consumed by the reaction (3) is about 40% less than the volume of reactively formed SiC. Therefore, the authors suggested a complete coverage of the surface of MWCNTs with the SiC layer free of any discontinuities. Since the values of DV/V for both reactions (3) and (4) with MWCNTs are comparable, it cannot be excluded that other factors than those discussed above are also responsible for the formation of rod-like morphology of TiC phase in the AlTi6/MWCNT couple. Contradiction between the experimental results and prediction using the same DV/V approach is the most pronounced for the growth of Al 4 C 3 phase from liquid Al at the surface of a carbon material. Calculations show that the generation of one mole of Al 4 C 3 (V Al4C3 = 49.56 cm 3 /mol) from three moles of C, following the reaction (1), is accompanied with 93% relative volume increase with MWCNT contrary to that of 148% with glassylike carbon and 216% with graphite. Despite the fact that for MWCNTs DV/V of Al 4 C 3 is more than twice higher than that of SiC, in both cases nanotube-like morphology of reactively formed carbide is dominant.
Most literature data on the morphology of TiC phase reactively formed from CNTs is related to two mechanisms: (1) the VLS (vapor-liquid-solid) employing either volatile metal or non-metal complexes (Ref 36) and (2) It is interesting to note that duplication of initial shape of starting nanotube reinforcement by the growth of two reactively formed phases was reported by Lahri et al. (Ref 39) for Almatrix composite reinforced with 4.23 wt.% boron nitride nanotubes (BNNTs) produced by powder metallurgy solid-state processing in atmospheric pressure at 650°C for up to 2 h. According to the authors, the nucleation and growth of the interfacial thin layer composed of two phases (AlN and AlB 2 ) depend on the kinetics of the competitive reactions of their formation. Moreover, the shape, size, and location of reactively formed phases at the interface depend on the mechanism of their growth and on the diffusion of Al, B, and N through the BNNT/Al interface. In the Al matrix, smaller N atoms diffuse faster than B atoms thus resulting in the formation of AlN at the matrix-side interface. Consequently, at the BNNT-side interface, the concentration of B increases thus promoting the growth of AlB 2 .
From the comparison of experimental results of this study with available literature data and theoretical prediction of the growth of carbides due to interaction between Al-based matrix and MWCNT reinforcement, we suggest that in the case of AlTi6 alloy at 1000°C, the dissolution-precipitation mechanism plays a leading role in the generation of rod-like TiC crystallites in liquid-state processing of in situ Al-TiC composites using MWCNT as a carbon source. Interaction of MWCNTs with liquid constituent of AlTi6 alloy starts from local dissolution of carbon from MWCNTs in the liquid resulting in the formation of surface defects and discontinuities in the carbon nanotubes. Next, the dissolved C reacts with Ti from the liquid L (Al -Ti) to form TiC that is heterogeneously nucleated at the tips and surface defects of MWCNTs. Such local MWCNT dissolution coupled with MWCNT fi TiC transformation causes fragmentation of carbon nanotubes whose ends present new sites for TiC nucleation. As soon as Ti from the liquid surrounding TiC phase is consumed, the dissolution of residual Al 3 Ti particles starts and new Ti is delivered to the surface of TiC crystallites until complete consumption of Al 3 Ti phase.
Summary
The sessile drop tests applied for investigation of hightemperature interaction between liquid oxide-free AlTi6 alloy and MWCNT substrates showed unusual wetting behavior after dispensing the drop from a ceramic capillary at 800°C. The drop jumping observed in subseconds of the first contact with the substrate was suggested to be related with the combined effect of gas release from the substrate, its lotus leaf-like surface structure, and deformation of thin MWCNT paper. Non-wetting behavior of AlTi6 alloy in this study was found to be apparent because molten AlTi6 alloy infiltrates the whole thickness of the MWCNT substrate causing its detachment from the alumina support, not wettable by liquid AlTi6 alloy.
Structural characterization of metal-infiltrated region evidenced in situ formation of Al-TiC composite in which most TiC precipitates have a rod-like morphology. For the applied liquid-phase process in the sessile drop tests, the dissolutionprecipitation mechanism has been suggested to be dominant in the generation of rod-like TiC crystallites growing on the tips of MWCNTs fragmented due to their local dissolution and MWCNT fi TiC transformation.
